Two inhibitors of cyclic AMP phosphodiesterase (3':5'-cyclic-AMP 5'-nucleotidohydrolase, EC 3.1.4.17), theophylline and papaverine, inhibit the maturation of Xenopus laevis oocytes induced by four different stimuli: human chorionic gonadotropin, progesterone, testosterone, and lanthanum ions. Addition of 1 mM cyclic AMP to the medium delays maturation by approximately 2 hr. Papaverine, theophylline, and cyclic AMP inhibit amino acid incorporation into oocyte proteins by 50% or more but do not inhibit amino acid uptake. The capacity of theophylline to block maturation and protein synthesis is reversed in a parallel fashion by addition of 1-5 mM calcium ion to the medium. Addition of papaverine, theophylline, and cycloheximide to oocytes at different times after hormonal treatment shows that the step sensitive to blockage by the three drugs is coincident and precedes germinal vesicle breakdown by about 1.5 hr. The maturation of full-grown oocytes is a complex process that involves meiotic cell division and prepares the cell for fertilization. Much attention has been devoted to the study of the maturation of amphibian oocytes because these cells can be obtained in large amounts from a single ovary, they are big enough to be microinjected, and they can be induced to mature in vitro.
One of the puzzling aspects of the maturation process is that its onset can be triggered by such different stimuli as the hormones human chorionic gonadotropin (hCG), progesterone, and testosterone and by nonphysiological reagents such as ionophore A 23187, organomercurial compounds, and 10 mM lanthanum ions (1) (2) (3) (4) (5) .
Although we are still far from understanding the molecular mechanism that is responsive to these various stimuli, the work of several research groups has provided evidence that de novo protein synthesis, protein phosphorylation, and calcium ions play important roles in the early steps of the maturation process (6) (7) (8) (9) (10) . Recent evidence has also pointed to the participation of cyclic AMP (cAMP) in amphibian oocyte maturation induced by progesterone. Speaker and Butcher (11) have reported transient decreases in cAMP concentration in the first hours after treatment of Rana pipiens oocytes with this hormone, and O'Connor and Smith (12) have shown that theophylline can inhibit Xenopus laevis oocyte maturation triggered by progesterone.
In this report we show that theophylline and papaverine, two well-known cAMP phosphodiesterase (3':5'-cyclic-AMP 5'-nucleotidohydrolase, EC 3.1.4.17) inhibitors, are potent inhibitors of oocyte maturation induced by four different stimuli: hCG, progesterone, testosterone, and lanthanum ions. These drugs, which inhibit endogenous oocyte cAMP phosphodiesterase (13), do not cause any measurable increase in the overall cAMP concentration of these cells. However, theophylline or papaverine treatment of oocytes eliminates the increase of Ca2+ uptake induced by progesterone and hCG and results in a very significant inhibition of protein synthesis in these cells. cAMP itself, added to the oocyte incubation medium, also causes an inhibition of protein synthesis and delays the onset of hormone-induced maturation. Several characteristics of the effect of theophylline, papaverine, and cAMP in blocking oocyte maturation seem to indicate that this effect is due to their inhibition of cellular protein synthesis.
MATERIALS AND METHODS X. laevis were obtained from South African Snake Farm, Fish Hoek, South Africa. Full-grown oocytes [stage VI (14) ] were obtained and selected manually as described (13) . Isolated oocytes were maintained in a modified amphibian saline (63 mM NaCl/l mM KC1/0.5 mM CaCl2/1 mM MgCl2/20 mM Tris-HCl, pH 7.4/penicillin at 10 ,g/ml/streptomycin at 10 ,qg/ml.
Microinjections were performed essentially as described by Gurdon (15) .
Maturation was induced by exposure of the stage VI oocytes to hormone or lanthanum and scored by measuring germinal vesicle breakdown (GVBD) by microscopic inspection and manual removal of the germinal vesicle (16) or by dissecting oocytes fixed in 5% trichloroacetic acid. Oocytes were classified as mature if nuclear breakdown was complete. cAMP levels were determined by the cAMP-binding protein method of Gilman (17) as described for X. laevis (13 periods, by measurement of the 5'-[3H]AMP formed, by thinlayer chromatography as described (13) .
The assay for amino acid uptake into intact oocytes has been published (18 Groups of 35 oocytes were incubated in the presence of 1 ,M progesterone and examined at the times given for GVBD (0). Other groups of 35 oocytes were preincubated for 2 hr with 1 mM cAMP and then with 1 ,uM progesterone, and GVBD was scored at the times indicated (-). Full-grown oocytes were microinjected with 2 nmol of [3H]cAMP, (150,000 cpm per oocyte), incubated in amphibian saline, and, at the times given, processed for 5'-[3H]AMP formation by thin-layer chromatography (13) . Duplicate groups of five oocytes each were analyzed. Progesterone, theophylline, and papaverine were added to oocytes 3 hr before the microinjection.
RESULTS
The results shown in Fig. 1 demonstrate that theophylline and papaverine, well-known inhibitors of cAMP phosphodiesterases, are potent inhibitors of X. laevis oocyte maturation as assayed by the breakdown of the giant nucleus or germinal vesicle (GVBD). At 1 mM, theophylline completely inhibited the maturation of oocytes triggered by either hCG, progesterone, testosterone, or lanthanum ions. Papaverine at 'Ao the concentration was able to block oocyte maturation induced by these agents.
Oocyte maturation can also be inhibited by addition of 1 mM cAMP to the external medium. As shown in Fig. 2 , oocytes treated with cAMP and then with progesterone matured fully when scored after 18 hr of hormonal treatment, but the kinetics of GVBD lagged with respect to the control cells by approximately 2 hr. The permeability of cAMP into X. laevis oocytes is very low, which explains the high concentration of the cyclic nucleotide required to obtain the effect. Unfortunately, this difficulty cannot be resolved by microinjecting cAMP into these cells because the high endogenous cAMP phosphodiesterase activity quickly reestablishes the normal intracellular levels (13) .
It is significant that the concentrations of theophylline and papaverine required to block oocyte maturation are the concentrations that are effective in inhibiting cAMP phosphodiesterase from several tissues (19) . Previous in vvo studies of cAMP phosphodiesterase of X. laevis oocytes assayed by the degradation of microinjected cAMP showed that coinjection of theophylline significantly inhibits the cAMP phosphodiesterase of the living cell (13) . Table 1 demonstrates that the in vivo activity of the enzyme is also inhibited by >50% when 1 mM theophylline or 0.1 mM papaverine is added to the external medium. It also shows that the levels of cAMP phosphodiesterase assayed in this manner do not change significantly 3 hr after maturation has been induced by treatment of the oocytes with progesterone.
X. kaevis oocytes have an endogenous cAMP concentration of [1] [2] [3] [4] ,uM (13) . Surprisingly, analysis of cAMP content of oocytes treated with theophylline or papaverine failed to show any significant increment. These analyses were carried out at hourly intervals for 6 hr after exposure of oocytes to the drug, in the presence or absence of a maturation-inducing hormone. These results confirm those of Speaker and Butcher (11) Batches of oocytes that showed a well-synchronized response to progesterone induction of maturation underwent a significant but transient decrease in cAMP levels between 2 and 4 hr after hormone treatment (Fig. 3) . The recovery of the levels coincided approximately with GVBD in these cells. Treatment of these oocytes with 1 mM theophylline in the external medium eliminated the change in cAMP levels caused by the hormone. A similar decrease in cAMP levels after progesterone treatment has been observed with R. pipiens oocytes (11) but was not detected with X. laevtis cells (12) .
The effect of theophylline, papaverine, and cAMP on oocyte protein synthesis was studied. From the data presented in Table  2 it is clear that, at the concentration that causes inhibition of maturation, these compounds have a strong inhibitory effect on amino acid incorporation into proteins but do not significantly affect the uptake of the amino acid into the cells. Hydrolysis of the exogenous cAMP with cAMP phosphodiesterase resulted in the elimination of inhibitory effect of this com- 4 . Effect of time of addition of theophylline and papaverine on oocyte maturation. Groups of 100 oocytes were incubated with hCG at 60 units/ml, and, at the times shown, 1 mM theophylline (0), 0.1 mM papaverine (0), or 0.01 mM cycloheximide (A&) was added. Percentage inhibition of GVBD was estimated after 18 hr. Oocytes (100 per point) from the same batch were also scored for the time of GVBD in the absence of inhibitors (o).
pound. Protein synthesis in oocytes treated with hormones was inhibited by these drugs to a similar extent (not shown).
An experiment was performed in which theophylline, papaverine, and cycloheximide were added to the external medium of oocytes at different times after hormone treatment. This experiment was designed to detect possible differences in the action of the cAMP phosphodiesterase inhibitors and the classical protein synthesis inhibitor (Fig. 4) . From the results obtained, it is clear that the step that is sensitive to theophylline and papaverine occurs at about the same time as the step sensitive to cycloheximide and precedes GVBD by 1-2 hr. results have been obtained with other inducers of matusration such as testosterone and progesterone, with some disp met in the time scale (not shown). The effect of theophylline and papaverine on oocyte maturation and on protein synthesis run parallel courses in two more aspects. The inhibition of both phenomena caused by theophylline can be reversed by the removal of the drug from the external medium. The inhibition obtained with papaverine is not affected by repeated washing of the cells and a 22-hr incubation in the absence of the drug.
The data from several laboratories have established the involvement of Ca2+ in the maturation process (4, 10). An increase in the concentration of Ca2+ in the external medium from 0.5 mM to 5 mM eliminated almost completely the inhibition of oocyte maturation and of oocyte protein synthesis caused by 1 mM theophylline (Fig. 5) . The addition of Ca2+ did not affect the inhibition caused by papaverine.
Using radioactive theophylline it has been possible to measure the uptake of this drug into oocytes and to study its release from the cells when they are placed in a drug-free medium.
[3H]-Theophylline was readily taken up by the oocytes, and the presence of 5 mM Ca2+ did not significantly inhibit its transport into the cell. Also, [3H]theophylline was rapidly released from oocytes that were placed in a drug-free medium: after 2 hr, only 40% of the compound was found inside the oocyte. These findings explain the reversibility of the inhibition caused by this drug.
In order to explore further the relationship between theophylline and papaverine inhibition and Ca2 , the effect of the inhibitors on the uptake of 45Ca2+ by oocytes was studied. The results (not shown) demonstrated that these compounds did not affect the basal uptake of 45Ca2+ but that their presence eliminated the 2.5-fold stimulation caused by treatment of the oocytes with progesterone. With hCG, the stimulation of 45Ca2+ uptake was 5.5-fold but again in this case the addition of papaverine significantly inhibited its transport. Recent work in this laboratory has established that hCG, but not progesterone, significantly stimulates the uptake of several amino acids and nucleosides into X. laevis oocytes (20) .
DISCUSSION
The study of the inhibition of oocyte maturation by theophylline, papaverine, and cAMP has revealed some interesting facts about the nature of this process. Despite the diversity of substances that can trigger its onset, there seem to be specific steps that are required for maturation to occur. One of these steps is sensitive to theophylline and papaverine because these drugs are able to block maturation induced by four different stimuli.
The presence of theophylline and papaverine in the external medium inhibits the oocyte cAMP phosphodiesterase measured in vivo but does not increase the overall cAMP content of the cell. This paradoxical result might be explained by the fact that these giant cells have compartmentalized cAMP. Evidence for the existence of a high cAMP compartment in the oocyte nucleus has been presented (13) . In other systems, it has been observed that significant amounts of cAMP are bound to membranes and that hormone treatment causes a redistribution of this nucleotide (21) .
The involvement of Ca2+ and cyclic nucleotides in hormone action seems to be a rather general phenomenon but the details of the mutual relationship between these two cellular signals remains obscure. The discovery of a calcium-binding protein that activates cAMP phosphodiesterase (22) may explain the Ca2rMedfated reversal of the inhibitory effect of theophylline because the ion and the drug have opposite effects on the activity of this enzyme.
The most promising observation presented above is the effect of theophylline and papaverine on oocyte protein synthesis and the close correlation between this effect and the capacity of these drugs to block oocyte maturation. No evidence has been obtained as to the mechanism through which these compounds could inhibit protein synthesis. Experiments in our laboratory, however, show that they do not inhibit poly(U)-directed poly(Phe) synthesis in an in vitro system derived from X. laevis oocytes (0. Orellana, personal communication). The fact that incubation of the oocytes in cAMP also inhibits the incorporation of amino acids into proteins and delays the onset of maturation, however, favors the idea that these drugs might cause localized increments in cAMP and that this increment inhibits protein synthesis.
In this light it is tempting to relate our findings to the recent observation of Datta et al. (23) on the existence of a cAMP--dependent protein kinase that activates a cAMP-independent protein kinase that in turn inhibits reticulocyte protein synthesis. These authors have postulated that a similar mechanism might mediate some of the regulatory effects of cAMP levels on the metabolism of many cell types.
As an attempt to fit this idea with the data available about the regulation of oocyte maturation, the following working hypothesis can be envisaged:
1. Oocyte maturation requires the synthesis of a specific protein or proteins that may be the maturation-promoting factor described by several authors (1, 4, 7, 24) .
2. The mRNA coding for this protein is present in an extranuclear compartment of full-grown oocytes but is not translated in the unstimulated oocyte because of the inhibition of the translation machinery.
3. The inhibition of the translation components available to the maturation-factor mRNA is due to phosphorylation of key proteins such as initiation factors or ribosomal proteins catalyzed by protein kinase(s).
4. The activity of the inhibitory protein kinases and of possible counteracting protein phosphatases is controlled by the intracompartment levels of cAMP. Calcium ions may regulate these enzyme activities directly or through localized effects on cAMP levels.
5. Any factor that decreases protein phosphorylation or activates protein dephosphorylation will therefore trigger maturation.
This hypothesis incorporates the proposal of Maller and Krebs (25) for the role of protein phosphorylation in oocyte maturation but, in addition, includes the relationship between cAMP and protein synthesis postulated by Datta et al. (23) and suggested by our results.
Strong support for the idea that such a mechanism for translational regulation may be operative in X. Iaevis oocytes is afforded by experiments in which microinjection of the catalytic subunit of cAMP-dependent protein kinase from beef heart resulted in a strong inhibition of oocyte protein synthesis (S. Ochoa and S. Pestka, personal communication).
